and As and the mechanisms of groundwater and surface soils contamination in this area. Fluoride has more than one anthropogenic origin: industrial waste, chemical fertilizers (Di-Ammonium Phosphate, DAP) and air pollution via coal combustion. In addition to anthropogenic sources, As seems to originate from natural source(s). The highest F -and As contaminated groundwater is localized, which implies that the aquifer geology/structure controls the distribution of the contaminants. However, no information on the subsurface geology has been obtained, and the relationship between groundwater pollution and geology has not yet been studied.
In this study, stratigraphy was studied at five sites to document the geological structure of the contaminated aquifer. In one site, chemistry and mineralogy of the sediments were determined in order to identify the contaminant sources.
INTRODUCTION
In the last few decades, groundwater pollution became a serious threaten to the quality of life, worldwide. Among pollutants, minor elements fluoride (F -) and arsenic (As) are of significant concern, due to their toxicity and widespread distribution (e.g., Smedley and Kinniburgh, 2002) . In Pakistan, the F -and As groundwater pollution has recently come to light (Shah and Danishwar, 2003; Nickson et al., 2005; Baig et al., 2008; Taskeen et al., 2009) . Sediments along the Indus River and its tributaries (Nickson et al., 2005) , and industrial waste (Rahman et al., 1997 (Rahman et al., , 2008 have been suggested as primary sources of As. Most of the fluoride is presumed to come from granitic rocks and sediments (Rafique et al., 2008; Alvi et al., 2008) .
Located in the basin of the Indus River tributaries, the village of Kalalanwala, Punjab, Pakistan, has shallow aquifers strongly contaminated by F -and As. Several studies carried out in the area (Farooqi et al., 2007a (Farooqi et al., , 2007b (Farooqi et al., , 2009 Ullah; WPW, Waran Pira Wara; CHA, Char Arian. people, daily purpose household wells are mostly installed to 20-30 m depth in the sandy aquifer beneath the aeolian deposits. In Fig. 2 , the highest concentrations of F and As in groundwater of Kalalanwala and surrounding villages are reported together with the location of local industries and brick factories. We have observed the maximum concentration of 22.8 mg/L F -and 2400 µg/L As at Kalalanwala (Farooqi et al., 2007b) . All examined groundwater samples contained detectable As (>1 µg/L), and only 11 out of 123 shallow groundwater samples contained <10 µg/L As, which is the minimum acceptable for drinking water, as specified by the World Health Organization (WHO). Although the highest contamination of both elements is observed at Kalalanwala, the contamination levels of both elements are different for each of the villages located in the area. The contaminated groundwater distribution appears in a narrow zone along the SE-NW direction from Waran Pira Wara, and turns to a NE direction at Kalalanwala (Farooqi et al., 2007a) . Such a distribution suggests that contamination is controlled by some geological structure, beneath the sedimentary cover.
and 3. The name of drilling sites are as follows: KL-ES, Kalalanwala Elementary School; KL-S, southern part of Kalalanwala; KT-S, southern part of Kot Asad Ullah; KT-N, northern part of Kot Asad
The surface and subsurface soils are also contaminated by F -and As (Farooqi et al., 2009; Fig. 3) . The highest concentrations of soluble F and total As were observed at the bank of canals close to the industrial area. The F -concentration of the surface and shallow soils (i.e., water soluble fluoride) is high close to the brick factory area and cultivated fields in the northern part of the terrace, north of Kalalanwala. A high level of As (>10 mg/kg) is ubiquitously contained in the soils (Farooqi et al., 2009) . Soils enriched in F commonly contain high amounts of phosphate (>0.1% as P 2 O 5 ), which indicates that a part of fluoride originates from chemical fertilizers (Farooqi et al., 2009) . Air pollutants, mainly from coal combustion at brick factories, would also be the sources of F -and As in soils (Farooqi et al., 2009) . Difference in distribution of high F -and As between soil and groundwater indicates that the contaminants originated from the industrial area and cultivated field vertically infiltrated into the groundwater aquifer and migrated westward to Kalalanwala. The background level of the As in soil is about 4 mg/kg (Faroogi et al., 2007b) , which implies that a certain fraction of the As would be of natural origin. The above results vaguely suggested the sources of F -and As and possible the mechanism of pollutant migration in the aquifer. However, no information on the subsurface geology was obtained until then. Thus migration of contaminants and possible sediment-water exchanges and their impact on the chemistry of groundwater cannot be evaluated. 
METHODS
Based on previous studies, a core drilling was performed at the Kalalanwala elementary school (KL-ES in Fig. 1(c) ), where the highest fluoride concentration was observed. A 40-60 cm sediment core was taken from the surface to a depth of 60 m every 1 m interval, using a split-barrel core sampling. Soon after sampling, each lithofacies was visually described in terms of grain size, texture, structure, and fossils. Sediments were vacuumpacked with a de-oxygenizer within a day. To document the structure of the contaminated aquifer, sludge obtained via manual percussion at five sites ( Fig. 1(c) ) was optically studied.
The sediment samples were transported to Japan and stored in a freezer to prevent oxidation until analysis. Prior to analysis, the sediments were freeze-dried and powdered using an agate mortar and pestle. For detection of the major elements, the powdered samples were fused with lithium borate to form glass beads after ignition, and analyzed by X-ray fluorescence spectroscopy (XRF, VXQ-160S, Shimadzu). Bulk mineralogy was determined using X-ray diffraction (XRD, RAD-1A, RIGAKU) with Ni filtered Cu Kα radiation. The total As concentration was determined using hydride generation-atomic absorption spectrophotometry (HG-AAS; SII, SAS7500) after preparing the solution via alkaline fusion of the powdered samples.
Arsenic was sequentially extracted to determine four different phases (Masuda et al., 2005) , according to the method modified after those of Thomas et al. (1994) and Wang et al. (1997) : 1) acid-soluble (carbonate and weaklyadsorbed) As extracted with 0.1 M acetic acid; 2) reducible As (adsorbed onto Fe and Mn oxyhydroxides/oxides) extracted with 0.1 M hydrochloric hydroxyl ammonium solution with pH adjusted at 2 by nitric acid; 3) oxidizable As, mostly presumed as organic phase, extracted with 0.1 M sodium pyrophosphate solution with pH adjusted at 2 by nitric acid; and 4) insoluble As (sulfides and silicates), which is the total As of extraction using mixture of concentrated nitric and perchloric acid and in residual phases treated with alkaline fusion.
RESULTS

Lithology and aquifer structure
The results of the chemical and mineralogical analyses of the sediments are given in Tables 1 and 2 (Appendix). Figure 4 shows the stratigraphy of the area estimated from the drill core visual description. The uppermost part of the sediment of the Pleistocene terrace is composed of 10 to 20 m thick, well sorted, clayey to silty aeolian deposits of brown to yellowish-brown coloration, which indicates oxidizing conditions. Black plant fragments and Farooqi et al., 2009 ).
Fluoride and arsenic contaminated groundwater in Punjab, Pakistan 493 calcium carbonate nodules were occasionally found, especially in the lower part of this layer. The study area is in a semi-arid climate: 500 mm annual precipitation concentrates in the summer monsoon season (Farooqi et al., 2007a, b) , and an unsaturated zone appears in this layer in the dry season. Intense chemical weathering causes high HCO 3 -(max 1300 mg/L) and pH (max 8.7) measured in groundwater (Farooqi et al., 2007b) . The calcium carbon- 
. Depth profiles of the chemistry and mineralogy the cored sediments at Kalalanwala Elementary school (KL-ES).
ate nodules are a product of evaporation-concentration.
A 10 m-thick fine to medium, pale blue to dark grey Holocene sand layer is distributed in the flood plain of the Ravi River (site CHA). A fine to medium, grey to light grey Pleistocene sand layer, which acts as the first groundwater aquifer, underlies the flood plain below the Pleistocene aeolian silty sediments. Most of the household wells are installed into this aquifer, and heavy contamination of F -and As is observed in these well waters (Farooqi et al., 2007a, b) . The shallowest depth of the top of this aquifer is measured at Waran Pira Wara (WPW), located to the east of Kalalanwala, and the deepest at KL-S and south of Kot Asad Ullah (KT-S), located to the south and north of Kalalanwala. The shallowest depth of the base of the aquifer is again recorded at WPW, and deepest at north of Kot Asa Ulla (KT-N). This geometry suggests that the groundwater flows from WPW through KL-ES to KT-N. This trend is in agreement with the occurrence of F -contaminated groundwater in Kalalanwala (max 22.8 mg/L) and Kot Asad Ullah villages (max 19.0 mg/L) (Farooqi et al., 2007a) .
Below the first aquifer, a less permeable layer of intercalating thin clay lenses is widely distributed, with a thickness of 5 to 10 m. Although this layer includes clay lenses with thicknesses of <50 cm, most of the layer is composed of coarse to fine sand. Thus, the groundwater can infiltrate vertically into the second aquifer if hydrostatic pressure becomes low due to excess use of the groundwater from this aquifer. The second aquifer is beneath the less permeable layer at a depth of approximately 35 m and deeper. This aquifer is composed of an alternation of fine and coarse sand with granules to small pebbles. Although >50 µg/L As was found, F -was not found as a contaminant in groundwater at present (Farooqi et al., 2007a) . Figure 5 shows the chemical composition of the cored sediments at the Kalalanwala Elementary School (KL-ES) with respect to depth, together with the XRD intensities of mica (biotite + muscovite), chlorite and calcite. The sediments contain abundant quartz and commonly feldspars (plagioclase + K-feldspar), although not reported in Fig. 5 . The quartz concentration is higher in the aquifer sediments than in the aeolian deposits and less permeable layer. The abundance of feldspars does not vary largely throughout the sediment column, except in the sediments of the two aquifers that exhibit a higher abundance of K-feldspar. Mica and chlorite have been observed in the sandy aquifer sediments. The XRD intensities of mica and chlorite are occasionally high in the finer aeolian sediments and less permeable layer sediments than the coarser aquifer sediments. Amphibole is occasionally detected as a minor mineral, especially in the aeolian deposits.
Major elements and mineralogical composition of the sediments
The changes in SiO 2 concentration correspond well with the XRD quartz intensity. The concentrations of Al 2 O 3 , Fe 2 O 3 * (total Fe as Fe III oxide) and MgO, which are the major components of biotite and chlorite, correspond well with each other and are negatively correlated to the SiO 2 concentration. Although Al is a major component of feldspars and muscovite, biotite and chlorite would also be the dominant contributors to the concentration of this element. The K 2 O concentration varies in association with Al, Fe and Mg and the XRD intensity of mica. Thus, K-feldspar (and maybe muscovite) would be less important than biotite as a mineral supplying K. The range of CaO concentrations is high in the aeolian deposits, in which calcium carbonate nodules are commonly found, compared with the underlying sediments. The XRD intensity of calcite varies in association with the CaO concentration, indicating calcite is a sink of Ca in the studied sediments. The XRD intensity of calcite is low, but detectable in the first aquifer sediments. The groundwater sampled from this aquifer is saturated with calcite, as Fig. 6 . Relationships between (a) total As and organic phase of As and (b) evidenced by its high alkalinity (652 ± 220 mg/L as HCO 3 -) and pH (8.0 ± 0.5 and max 8.7) but relatively low Ca (31.2 ± 25.0 mg/L and <10 mg/L of 27 among 124 samples; Farooqi et al., 2007a) . Occurrence of calcite in the aquifer sediments is a direct evidence of the saturation of this mineral in the surrounding groundwater.
Sulfur was detected in the sediments <9.2 m in the aeolian deposits and between 9.4 and 12.1 m depth in the less permeable layer. Positive Eh, less dissolved Fe (mostly <0.1 mg/L or not detected), and abundant arsenate as dissolved As indicate the oxic condition of the groundwater aquifer, at depth <30 m in the studied area (Farooqi et al., 2007a) . The SO 4 2-concentration is also high (255 ± 224 mg/L) in groundwater (Farooqi et al., 2007a) , while, sulfur in the less permeable layer is likely in the form of sulfide, since higher S concentrations are detected in the clay sediments rather than in sandy sediments. However, the occurrence of S in reducing condition is not common, and sulfide would not be an important sink of As in the studied area. Figure 5 shows the concentration of total As and chemically extracted As from cored sediments taken at the center of Kalalanwala (KL-ES) in relation to depth. The lowest concentration of the total As in the aeolian deposits (ca. 10 mg/kg) is higher than in the underlying layer sediments (<5 mg/kg). The less permeable layer sediments contain total As at levels commonly <5 mg/ kg, and the total As concentration is <3 mg/kg among the second aquifer sediments. The sediments containing high As occasionally give high XRD intensities of biotite and chlorite.
Arsenic in the sediments
The different chemical forms of As separated by sequentially chemical extraction indicate that most of the As is hosted by oxidizable and insoluble phases (Figs. 5 and 6) and that some are hosted in reduced phases in the upper aquifer. The amount of acid soluble As, which is weakly adsorbed onto the mineral surface and fixed in carbonates, is negligible. Reducible As, which is mostly fixed in Fe-hydroxides/oxides, is also less prevalent compared with As in organic matter and silicates. Arsenate is the only As form in groundwater of the studied area, except that from four well-waters taken from the flood plain of the Ravi River among more than 140 studied well waters (Farooqi et al., 2007b) . Arsenate is rarely adsorbed onto Fe-oxyhydroxides/oxides under alkaline conditions, because the negative ion form is predominant as dissolved As species (Bowell, 1994) . Thus, Fe-hydroxides/oxides do not work as an important career of the As in the aquifer sediments. Although the oxidiable and insoluble phases are dominant throughout the column, the former is prominent in the lower half of the first aquifer and the latter in the aeolian deposits. The oxidizable phase As increases with increasing total As, and the proportion of oxidizable phase As is higher in the first aquifer than in the aeolian deposits (Fig. 6(a) ). Thus, the oxidizable As would concentrate in the bottom of the first aquifer. The insoluble As concentration increases with increasing the XRD intensity of chlorite (Fig. 6(b) ), implying that the 
Fluoride in the sediments
The fluoride concentration of the sediments was not analyzed in this study. However, it is notable to mention that trifluoroacetic acid (TFA) was extracted from the studied sediments in addition to F - (Fig. 7) . During vacuum drying of the first aquifer sediments, strongly smelling viscous liquid remained in the liquid nitrogen trap with ice. The trapped liquid was analyzed using ion chromatography, indicating TFA in addition to F -. In previous studies (Farooqi et al., 2007b (Farooqi et al., , 2009 ), anthropogenic sources were presumed for the F -contamination in groundwater and surface soils; i.e., fertilizer (DAP) would be one of these sources. The highest concentrations of F -(soluble F in water) and As in the surface and -30 cm soils were found at the edge of a cultivated field along a canal flowing through the industrial area that included chemical plants (Farooqi et al., 2009;  Fig. 3) . Therefore, the presence of TFA is further evidence of anthropogenic origins for F -in the studied area.
DISCUSSION
TFA is known as a stable breakdown product of fluorinated organic compounds such as C 2 -hydro(chloro)fluorocarbons (HFC, HCFC) that has been used to replace ozone-destroying chlorofluorocarbons (CFCs) in the stratosphere. TFA accumulates for a long time due to its stability, and is eventually detected in watershed including groundwater via precipitation and evaporation (e.g., Tromp et al., 1995; Schwarzbach, 1995; Richey et al., 1997; Berg et al., 2000; Cahill et al., 2001) . TFA is widely used as a reagent for organic synthesis, because of its high acidity and stability, and as a solvent for organic and inorganic As compounds (e.g., Crescenzi et al., 1997; Ackerman et al., 2005) . Pesticides can be additional sources for the TFA. For example, the trifluoromethyl-substituted aromatic ring system used in certain pesticides can be a source of TFA after volatilization and photo-oxidation (e.g., Key et al., 1997) . The origin of TFA is not clear at present; however, the most plausible sources are industrial and/or agricultural material(s) that are fed to the watershed east of Kalalanwala and Waran Pira Wara (WPW in Fig. 1(c) ). We have reported that the chemical fertilizer (DAP) locally used contains 53-255 mg/kg F -and 5-10 mg/kg As (Farooqi et al., 2007b) . The surface and shallow soils contain also large amounts of P, F and As (Farooqi et al., 2009) . The P 2 O 5 concentration is slightly higher in the aeolian deposits than in the underlying sediments. Phosphate commonly exists as an anion in the aqueous condition and not easily adsorbed onto sediments in alkaline 
. Schematic model of the subsurface geology and paths of pollutant with infiltrating water from surface into the bottom of groundwater aquifer beneath Kalalanwala, Punjab, Pakistan. Hatched area shows the bottom of the first aquifer, which corresponds to an old river channel changing its direction beneath the Kalalanwala. The arrows indicate the migration paths of pollutants with water infiltrating into the aquifer.
condition. The slightly higher concentration of P in the aeolian deposits would result from infiltration and weak adsorption caused by recharging groundwater. On the other hand, in the aquifer, most of phosphate is present as an anion.
Intense chemical weathering of F-bearing minerals originated from granitic rocks and concentration of this element by evaporation and evapotranspiration in arid and semi-arid climates promotes the formation of highly alkaline groundwater including high amounts of F -in other areas of Pakistan (Shah and Danishwar, 2003; Rafique et al., 2008) and India (Jacks et al., 2005) . However, the background levels of F in the surface soils of this area are less than the detection limit (0.1 mg/kg) (Farooqi et al., 2009) . Highly alkaline NaHCO 3 type groundwater has been formed via chemical weathering and carbonate precipitation (Farooqi et al., 2007b) , promoting the higher solubility of F -originated from industry and agriculture. The total As concentration is primarily controlled by insoluble phase As in the uppermost aeolian deposits, and oxidizable phase As in the first aquifer. Positive correlation between XRD intensity of chlorite and As concentration of insoluble phase suggests that the chlorite would be a primary source of As. Recent XAFS analysis indicated the presence of a minor amount of As in chlorite fractions separated from the first aquifer (Masuda, unpublished data), supporting the above estimation but additional investigations are needed for identifying the site of As in chlorite.
Oxidizable As increases with increasing total As ( Fig.  6(a) ), and it occupies >70% in the lower half of the first aquifer. TFA, present in that aquifer, is a strong solvent that can dissolve organic and inorganic As phases (Ackerman et al., 2005) . Thus its occurrence would promote the dissolution of As into the aquifer during recharge. Since organic phase of As has not been identified at present, we should reserve to conclude whether this phase of arsenic is anthropogenic or of natural origin.
Based on the results of previous and present studies, schematic model of aquifer structure and the paths of pollutant migration with infiltrating water from surface into the bottom of first aquifer are shown in Fig. 8 . Highly F -and As contaminated groundwaters appear in Waran Pira Wara, Kalalanwala, and Kot Asad Ullah, but not in the soils. The highest concentrations of these elements are found in the soils taken from the areas close to the canals running through the industrial area and brick factories, suggesting that the infiltrating contaminants into the first aquifer flow with the groundwater toward the Kalalanwala and neighboring villages along the edge of the terrace. Drillcore stratigraphy suggests that the first aquifer has a depression, which is presumably an ancient river channel, beneath Kalalanwala. The channel changes direction beneath this village from E-W to S-N toward neighboring Kot Asad Ullah. Combining the geological structure of the aquifer with the distribution of F -and As in the groundwater (Farooqi et al., 2007a, b) , it is suggested that the contaminants would propagate along the bottom of an ancient channel within the first aquifer.
CONCLUSIONS
The F -and As contaminated groundwaters in Kalalanwala and its neighbors are distributed and migrate in the aquifer along an ancient river channel buried under the aeolian deposits. Unlike other areas of South Asia, such as India and other areas in Pakistan, naturally originated F -is not supplied into the aquifer. Groundwaters in this area have been contaminated with As in large extent than F -, because As would derive not only from anthropogenic sources, but also from natural source(s), presumably detrital chlorite. Irrespective of the origins, the concentration of these toxic elements becomes high in the alkaline groundwater, which is characterized by Ca-and Mg-poor nature. Groundwater fluoride contamination occurs only in limited areas, so drinking water could be supplied from surrounding uncontaminated areas. The less permeable layer that divides the first and second aquifers is not well developed. Therefore, it does not work as a seal against infiltration of contaminants into the second aquifer. The contaminants would be migrated into the deeper aquifer when increasing use of groundwater makes lowering hydrostatic pressure. In order to mitigate the contamination of F -into groundwater for the future use of the first and deeper, second aquifers, it is of primary importance to remove F sources upstream of the first groundwater aquifer and monitor the quality of groundwater. (m) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 1 L1-1 −1.15 9.49 63.7 0.7 12.4 4.9 0.1 2.5 8.6 1.7 2.5 0. 
